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Methyl-beta-cyclodextrinCholesterol-rich membrane microdomains (CRMMs) are specialized structures that have recently gained
much attention in cell biology because of their involvement in cell signaling and trafﬁcking. However, few
investigations, particularly those addressing embryonic development, have succeeded in manipulating and
observing CRMMs in living cells. In this study, we performed a detailed characterization of the CRMMs
lipid composition during early frog development. Our data showed that disruption of CRMMs through
methyl-β-cyclodextrin (MβCD) cholesterol depletion at the blastula stage did not affect Spemann's organizer
gene expression and inductive properties, but impaired correct head development in frog and chick embryos
by affecting the prechordal plate gene expression and cellular morphology. The MβCD anterior defect
phenotype was recapitulated in head anlagen (HA) explant cultures. Culture of animal cap expressing
Dkk1 combined with MβCD-HA generated a head containing eyes and cement gland. Together, these data
show that during Xenopus blastula and gastrula stages, CRMMs have a very dynamic lipid composition and
provide evidence that the secreted Wnt antagonist Dkk1 can partially rescue anterior structures in
cholesterol-depleted head anlagen.
© 2012 Elsevier Inc. All rights reserved.Introduction
Over the past few years, it has become evident that the classical
“mosaic ﬂuid” model for plasma membrane structure has acquired
an intrinsic specialization, with the myriad of reports concerning
the identiﬁcation of cholesterol-rich membrane microdomains
(CRMMs), also called detergent-resistant membranes (DRMs), lipid
rafts or caveolae (Jacobson et al., 2007; Liu and Anderson, 1995;
Luria et al., 2002; Parton and Simons, 2007; Sargiacomo et al., 1993;
Vereb et al., 2003). CRMMs are described as small (10–200 nm), het-
erogeneous, highly dynamic, cholesterol- and sphingolipid-enriched
domains that compartmentalize cellular processes, participating in
cell signaling events. The term caveolae designates caveolin-rich
CRMMs, since caveolin was the ﬁrst integral protein identiﬁed as a
lipid raft modiﬁer and also a marker protein of these CRMMs
(Lisanti et al., 1994; Rothberg et al., 1992), possessing a scaffold do-
main where different proteins associate to initiate signaling cascadeslho, 373 Centro de Ciências da
Janeiro, RJ 21941-902, Brazil.
rights reserved.(Parton and Simons, 2007). In the plasma membrane, cholesterol is a
major component of lipid rafts (Brown and London, 1998; Kurzchalia
and Parton, 1999; Maxﬁeld, 2002; Simons and Toomre, 2000). The re-
moval of cell surface cholesterol by methyl-β-cyclodextrin (MβCD)
results in disorganization of these domains, affecting a diverse range
of activities, such as signaling, adhesion, motility and membrane traf-
ﬁcking (Pike and Miller, 1998; Roper et al., 2000). Therefore, choles-
terol has a structural/stabilizing role in the membrane microdomain
assembly, which imparts, together with sphingolipids, a “liquid-
ordered” state that is more rigid than the non-raft plasma membrane,
which exists in a ﬂuid “liquid-disordered” condition since it is mostly
composed by phospholipids (Prinetti et al., 2000; Razani et al., 2002).
In addition, certain transmembrane domain proteins might favor a
particular lipid microenvironment over another, leading to preferen-
tial partitioning into one or another microdomain (Bauer and
Pelkmans, 2006). It is now clear that CRMMs play an essential
role in cell membrane subcompartmentalization, mediating sig-
naling, as well as particle/pathogen anchoring/internalization events
(Lingwood and Simons, 2010). Current knowledge of the biophysics
and functional role of CRMMs is based mostly on indirect methods
and in vitro studies of artiﬁcial membranes and cells, and the scarcity
of in vivo studies, particularly during embryonic development, is
notable.
351A.H. Reis et al. / Developmental Biology 365 (2012) 350–362Although lipids are present in the CRMM, few reports concern the
lipid composition of the microdomain in embryonic cells. The lack of
in vivomodels for developmental studies could be partially explained
by the highly dynamic behavior of CRMMs and lack of reliable tools to
access CRMMs in living organisms.
In amphibians, it has been clearly demonstrated that signaling
pathways such as Wnt/β-catenin and chordin/noggin/BMP are in-
volved in early embryo axis formation in a coordinated fashion, and
explain the regional speciﬁcities of head, trunk and tail organizers
(De Robertis et al., 2000; Niehrs, 2004). At the early blastula stage
of the frog Xenopus laevis, a signal inducing dorsal mesoderm
emanates from the dorsal-vegetal blastomeres that constitute the
Nieuwkoop center (Nieuwkoop, 1973). The Nieuwkoop center in-
duces axis-forming properties in the Spemann's organizer (SO) cen-
ter, which arises on the dorsal equator at the early gastrula stage
(De Robertis and Kuroda, 2004; Harland and Gerhart, 1997). SO mor-
phogenetic and inductive properties were demonstrated in an out-
standing experiment, in which this region was grafted to the ventral
side of a salamander embryo and induced the formation of aFig. 1. CRMMs are present and have a dynamic composition during development. (A) Chole
low-density fractions at the 4-cell, blastula and gastrula stages. (B) Dot blot analysis reveale
characterization showed cholesterol (CHO) and triacylglycerol (TAG) as the most abundant
(PC) and phosphatidylserine (PS) were the predominant phospholipids in the CRMM fractio
(*Pb0.05; **Pb0.01).secondary axis (Spemann and Mangold, 1924, reviewed by Niehrs,
2004). It has been proposed that the amphibian SO contributes to
three parts along the anteroposterior axis: the anterior endoderm,
the prechordal plate (PcP) and the chordamesoderm (Glinka et al.,
1998; Niehrs, 2004; Spemann, 1938), which strongly supports the ex-
istence of head and trunk embryonic organizers. As the PcP arises
from the SO in amphibians, Hensen's node originates the PcP in the
chick, and in both organisms, the PcP is required for forebrain
induction.
Although much attention has been directed toward uncovering
the signaling network involved in SO/PcP inductive properties, the in-
triguing question remains, of how embryonic cells compartmentalize
signals during these events.
Plasma membranes contain most of these signaling components
and play a determining role in the capture and transduction of these
signals. Therefore, it seemed reasonable to hypothesize that CRMMs
participate in early embryonic patterning. In addition, it has been
reported that cholesterol is important for proper forehead and limb
development. Low cholesterol levels result in holoprosencephalysterol content assays of the fraction obtained by the sucrose gradient showed a peak in
d the presence of GM1 ganglioside and Caveolin1 protein in the low fractions. (C) Lipid
among the neutral lipids, while phosphatidylethanolamine (PE), phosphatidylcholine
n. (CE) cholesterol ester, (FA) fatty acid, (SM) sphingomyelin, (PI) phosphatidylinositol.
352 A.H. Reis et al. / Developmental Biology 365 (2012) 350–362(Cooper et al., 2003; Lanoue et al., 1997). However, how cholesterol
and its relationship to the CRMM function participate in these process-
es remains unclear.
Here, we characterized the CRMMs and their lipid composition
during early frog development, and showed that disruption of
CRMMs by cholesterol depletion at the blastula stage impairs head
development in frog and chicken embryos by affecting the PcP.
Materials and methods
Embryo manipulation, microinjection and phenotype analysis
Adult frogs (Nasco Inc., WI, USA) were stimulated with human
chorionic gonadotropin (Ferring Pharmaceuticals, Kiel, Germany).
Xenopus embryos were obtained by in vitro fertilization and staged
according to Nieuwkoop and Farber (1967). Blastocoel microinjec-
tions were performed in stage 9 embryos, using 40 nl of methyl-β-
cyclodextrin (Sigma, St. Louis, MO, USA) at 2 mM, 20 mM, 40 mM
and 100 mM concentrations diluted with H2O. As controls, embryos
were not injected or were injected with 40 nl of H2O or MβCD satu-
rated with exogenous cholesterol. Microinjected embryos were de-
veloped until the gastrula, neurula, early and late tailbuds, and
tadpole stages, and used for the procedures described as follows.
Head anlage dissection and recombination with animal cap injected
with 20 pg Dkk1 mRNA were performed according to KazanskayaFig. 2. MβCD disrupts Xenopus embryo CRMMs composition and morphology. (A) MβCD w
trifugation in sucrose gradient, CRMMs were observed as a turbid fraction in the light portio
the presence of CRMMs at the gastrula stage (arrow and circle lines). This peak is lost after
40 mM MβCD cholesterol depletion). (B) The fraction with isolated CRMMs observed by
obtained from MβCD-treated embryos (C) shows a disorganized unilamellar vesicular struc
icantly decreased staining in the MβCD fraction compared to the control (CO) fraction. ***Pet al. (2000). Chick fertilized eggs were incubated at 37 °C for 15 h
(stage HH3). After that the shell was opened and 75 mM MβCD was
poured according to Cooper et al. (2003). The eggshell was tape-
sealed and the phenotypes were scored at stage E3.
In situ hybridization
Xenopus and chicken embryos were ﬁxed in MEMFA and 4%
formaldehyde, respectively, for 2 h at room temperature or at 4 °C
overnight, and then dehydrated in a methanol series. Whole-mount
in situ hybridization was performed according to Abreu et al. (2002)
with modiﬁcations suggested by Reversade and De Robertis (2005)
for Xenopus and by Brito et al. (2008) for chicks. After in situ hybridi-
zation, Xenopus embryos were treated with a bleaching solution (2.5%
20× SSC, 5% formamide, 4% H2O2 in H2O). Caveolin-1 plasmid was
purchased from NIBB (http://xenopus.nibb.ac.jp/).
Electron microscopy analysis
For transmission electron microscopy (TEM), control and MβCD-
injected embryos at the gastrula stage were processed according to
Kurth (2003) with slight modiﬁcations. Dialyzed low fractions contain-
ing CRMMs were negatively stained with uranyl acetate (UA). Alterna-
tively, these fractions were immunostained with anti-caveolin-1 (BD
Sciences Pharmagen, cat 610407) followed by gold-conjugatedas injected into the blastocoel of stage 9 embryos and grown until stage 10. After cen-
n of the gradient (arrow). A peak of cholesterol content in light fractions characterizes
MβCD injection, suggesting the disorganization of CRMMs (square lines represent the
negative staining, shows a multilamellar structure 73% (n=15); while the fraction
ture 85% (n=14). (D–F) Caveolin1 immunoassay of the CRMM fraction shows signif-
b0.001 by Mann–Whitney test. Scale bars: B, C, D: 0.1 μm; E: 0.2 μm.
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served in a Zeiss 900 EM operated at 80 kV, and high-resolution images
(1024×1024 pixels) were acquired by a digital imaging system (Zeiss).
Areas of organelles were measured with the ImageJ program (NIH, Be-
thesda, MD, USA). For scanning electron microscopy (SEM), untreated
and MβCD-treated Xenopus and chick embryos were ﬁxed in 2.5% glu-
taraldehyde and 4% paraformaldehyde in 0.1 M sodiumphosphate buff-
er for 2 h. The samples were dehydrated through a graded ethanol
series and critical point-dried (Balzers CPD 050). After gold-sputtering
(20 nm-gold layer) (BalTec CSC 020), the embryos were observed in a
Jeol 5310 operating at 15 kV. Digital images were acquired at the reso-
lution of 1024×770 pixels using SEMafore software.
Isolation of detergent-resistant membranes (DRMs) and non-raft
plasma membrane
One hundred embryos at the 4-cell, blastula and gastrula stages
(MβCD-injected or not) were cut in two halves to wash out the
MβCD and lysed in ice-cold TNE buffer containing 1% Triton X-100
according to Luria et al. (2002) and Sato et al. (2002). The lysates
(2 ml) were added to sucrose solution, and then centrifuged at
38,000 rpm for 20 h at 4 °C (SW40 Rotor, Beckman, CA, USA) to ob-
tain a 12-fraction sucrose gradient. After centrifugation, 1 ml aliquotsFig. 3.MβCD-induced cholesterol depletion does not affect overall cell ultrastructure, but al
micrographs depicting cell ultrastructure from the equatorial dorsal side of control and MβC
displayed a preserved plasma membrane (Pm), and contact between cells can be observed (a
chromatin. Several yolk platelets (Yp) of different sizes as well as lipid droplets (Ld) are typ
pigment granules (Pg, D) and Golgi apparatus (Ga, G) were also evident in control and MβCD
lets of MβCD-injected embryos, while yolk platelets and mitochondria were unaltered. Contr
droplets (ML), control mitochondria (CM), MβCD mitochondria (MM). (I) The composition
lipids: cholesterol ester (CE), triacylglycerol (TAG), cholesterol (CHO) and fatty acids (FA)
0.6 μm, F: 0.1 μm.of 12 fractions were collected from top to bottom of the centrifuge
tube. The non-raft fraction of the plasma membrane was obtained
from the pellet of the sucrose gradient according to Radeva and
Sharom (2004).
Lipid extraction, dot blotting and thin layer chromatography (TLC)
Fractions were dialyzed using a membrane (cut-off 12–14,000,
Spectrum, Houston, TX, USA) against water overnight at 4 °C. Lipids
were extracted according to Bligh and Dyer (1959). Cholesterol was
measured by colorimetric assay according to Zlatkis et al. (1953).
Protein measurement was performed according to Lowry et al.
(1951). For the dot blot analysis, 500 μl aliquots of each fraction of
the 4-cell, blastula and gastrula stage sucrose gradient were loaded
under vacuum on the nitrocellulose membrane in a Bio-Dot apparatus
(BioRad Laboratories). Membranes were blocked in 5% nonfat milk
and incubated overnight at 4 °C with cholera toxin B probe (CT-B)
conjugated to FITC to detect GM1 ganglioside, and anti-caveolin-1.
The membrane was observed directly with the Storm PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, CA, USA).
The extracted lipid fractions were analyzed by TLC on silica gel 60
plates (Merck, Darmstadt, Germany) by applying 1 mg of total lipids,
according to Horwitz and Perlman (1987). To identify neutral lipids,ters the lipid droplet vesicles. Representative transmission electron microscopy photo-
D-injected embryos. (A–G) In both control and MβCD-injected embryos, neighbor cells
rrows and arrowheads, A, B, D and F). Nuclei (Nu) are also evident, showing condensed
ically found in both control and MβCD-injected embryos. Mitochondria (Mt, C and E),
-injected embryos. (H) Morphometric analyses revealed a decreased area in lipid drop-
ol yolk platelets (CY), MβCD yolk platelets (MY), control lipid droplets (CL), MβCD lipid
of the lipid droplets was also altered, as seen by thin-layer chromatography of neutral
were decreased after MβCD injection. Scale bars: A: 6 μm, B: 5 μm, C, E, G: 0.2 μm, D:
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(60:40:1, by volume) until the solvent front reached the middle of
the plate, and then in hexane–chloroform–acetic acid (80:20:1, by
volume). To identify phospholipids, the plate was developed in
chloroform:acetone:methanol:acetic acid:water (40:15:13:12:8, by
volume). Neutral lipids and phospholipids were identiﬁed by com-
parison with standard lipids (1 mg/ml): cholesterol (CHO), choles-
terol ester (CE), fatty acid (FA), monoacylglycerol, diacylglycerol,
triacylglycerol (TAG), phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), sphingomyelin (SM), phosphatidylinositol (PI) and
phosphatidylserine (PS), obtained from Sigma. For visualization of
lipids, the TLC plates were stained by spraying with Charring reagent
(3% CuSO4 and 8% H3PO4 (v/v)) and heating at 110 °C for 10 min (Ruiz
and Ochoa, 1997). The charred TLC plates were then analyzed by den-
sitometry (ImageMaster TotalLab software, USA). Each lipid spot was
identiﬁed by comparison with a lipid standard (Sigma-Aldrich Co., St.
Louis, MO, USA) run in parallel. For the phospholipid analysis, the
plates were sprayed with ninhydrin and Dragendorff's reagent to lo-
cate amino- and choline-containing phospholipids, respectively.
Quantiﬁcation and statistical analysis
Lipid analysis was performed at least three times in triplicate. Lipids
were quantiﬁed by analyzing digital images of silica plates, using the
ImageMaster TotalLab (Nonlinear Dynamics Ltd.) program. The number
of gold particles of the immunoelectronmicroscopywas quantiﬁed from
10 random ﬁelds of the control and injected embryos fractions, the data
were evaluated, and statistical analysis was conducted using theMann–
Whitney test fromGraphPad Prismversion 5.0 (GraphPad Software, Inc.,
2007). Differences of Pb0.05 were considered to be signiﬁcant.
Results
CRMMs are present from early stages of Xenopus embryonic development
Despite the recent description of CRMM components during frog
development (Pandur et al., 2004; Razani et al., 2002), there was no
demonstration of isolated CRMMs from the early stages of whole
Xenopus extracts. CRMMs are detergent-resistant and ﬂoat to a low
density during gradient centrifugation (Brown and Rose, 1992;
Buschiazzo et al., 2008; Gaus et al., 2005; Magee et al., 2002; Pierce,
2002; Simons and Ikonen, 1997). Therefore, we isolated the CRMM
through a sucrose gradient (Luria et al., 2002; Sato et al., 2002)
from 4-cell, blastula and gastrula Xenopus embryos. The 12 fractions
obtained were processed for cholesterol determination as previously
described (Zlatkis et al., 1953). We found a peak in cholesterol con-
tent that appeared in low-density fractions (fractions 3–4), indicating
the presence of CRMMs at the 4-cell, blastula (stage 9) and gastrula
(stage 10) stages (Fig. 1A). Dot blot analyses of the fractions con-
ﬁrmed the presence of the GM1 ganglioside, which is enriched in
lipid rafts (Parton, 1994), and revealed that caveolin1 is also presentFig. 4. Cholesterol depletion affects Xenopus and chick head development. Stage 9 embryos w
scored for anterior defects at stage 40. (A) Control embryos at stage 40 display normal morp
aly, absence of forebrain, cement gland small or absent, and eyes reduced or absent. Notice
embryos, the forebrain, ventricle, midbrain, hindbrain and eyes can be distinguished (A an
(B and B″). The notochord is evident in both control andMβCD-injected embryos. (C) The gr
and in embryos injected with different concentrations of MβCD. “n” is the number of embr
photomicrographs of Xenopus (D–G, stage 40) and chick (H–K, E3) untreated (control D,
structures, while cholesterol-depleted embryos showed truncated or absent anterior structu
phenotype (F and J), and severe phenotype (G and K). Mandibular process (MP). Optic vesic
(NC). Asterisk corresponds to OC in MβCD-treated embryos. Xenopus embryos in situ hybrid
tion, while the spinal cord marker, HoxB9, is not affected (L and M). The anterior domain o
marker, Xag-1, is reduced in MβCD-injected embryos compared with the control (P–Q); how
and MβCD-injected embryos (R–S), but the distance (d) from En-2 expression domain to th
forebrain reduction (insert R–S). Eye-ﬁeld marker Six-3 was completely abolished in MβCD-
and MβCD-injected embryos (T–U). MβCD was previously saturated with cholesterol (Chol)
expression in control (V), reduced expression in MβCD-injected embryos (W), and normal
(H–K).in those light fractions (Fig. 1B). Furthermore, we detected caveolin1
mRNA by in situ hybridization and RT-PCR as maternal and zygotic
transcripts (Fig. S1 A–F and S1 G). Moreover, Flotillin mRNA was
also found beginning in very early stages of Xenopus development,
by RT-PCR (Fig. S1 G) as previously shown by Pandur et al. (2004).
These results showed the presence of high levels of cholesterol in
the low-density fractions, which allowed us to afﬁrm that we were
able to isolate CRMMs from 4-cell, blastula and gastrula stages, indi-
cating that these CRMMs may participate in early events of Xenopus
embryogenesis.
Analysis of lipid content of CRMM during early development
Since CRMMs were present from the 4-cell to gastrula stages, we
asked how their main lipid components were distributed. We ana-
lyzed the lipid composition of the CRMM isolated from 4-cell, blastula
and gastrula stages through thin-layer chromatography (TLC). Quan-
titative analysis revealed cholesterol (CHO) and triacylglycerol (TAG)
as the most abundant neutral lipids in the CRMM at the 4-cell stage,
and they decreased in the blastula and gastrula stages (Fig. 1C).
There was a noticeable decrease in the cholesterol ester (CE) content
during the blastula stage. Fatty acids (FA) increased signiﬁcantly dur-
ing the blastula and gastrula stages (Fig. 1C). High-performance TLC
revealed that phosphatidylethanolamine (PE), phosphatidylcholine
(PC) and phosphatidylserine (PS) were the most abundant compo-
nents among the CRMM phospholipids (Fig. 1D). PE, PC, PS and sphin-
gomyelin (SM) decreased from the blastula to gastrula stages, while
PS and SM increased from the 4-cell to blastula stages (Fig. 1D). No
signiﬁcant change in phosphatidylinositol (PI) content was observed
during the stages analyzed (Fig. 1D). We also performed a qualitative
analysis of lipids from CRMM and from non-raft plasma membrane
from the 4-cell to gastrula stages. As expected, cholesterol was pro-
portionally more abundant in CRMMs when compared with total
plasma membrane in all stages analyzed (Fig. S2 A). Additionally,
SM and PI were proportionally more abundant in CRMMs when com-
pared with adjacent membranes, in all stages analyzed (Fig. S2 B).
These results showed for the ﬁrst time the lipid content in CRMMs
isolated from early stages of Xenopus embryo development. They
revealed a speciﬁc and very dynamic composition of neutral lipids
and phospholipids in CRMMs during the embryonic stages.
MβCD disrupts Xenopus embryo CRMMs composition and morphology
Based on our data showing that CRMMs can be detected during
Xenopus early development, we decided to interfere with the
CRMMs and analyze the consequences for Xenopus development. It
has been shown that MβCD can disorganize CRMMs through choles-
terol depletion (Pike and Miller, 1998; Roper et al., 2000). To analyze
the effects of cholesterol depletion on the CRMMs, different concen-
trations of MβCD (2 mM, 40 mM and 100 mM) were injected into
the blastocoel of Xenopus embryos at the blastula stage (stage 9)ere injected with 2 mM, 20 mM, 40 mM and 100 mM of MβCD into the blastocoel and
hology. (B) MβCD-injected sibling embryo presenting head defects such as microceph-
in longitudinal (A′ and B′) and coronal (A″ and B″) sections of stage 40, that in control
d A″), but in MβCD-injected embryos, the forebrain and eyes are dramatically affected
aph shows the percentage of embryos displaying anterior defects in uninjected embryos
yos scored. Asterisk represents dead embryos, which were not scored. Representative
H) and MβCD-treated embryos (E–G, I–K). Control embryos developed complete face
res. The phenotypes are scored by severity as: mild phenotype (E and I), intermediate
les (OV), frontonasal process (FNP), oral cavity (OC), cement gland (CG), nasal cavities
ization show the anterior marker Otx2 reduced after MβCD-induced cholesterol deple-
f Sox2 expression is reduced in MβCD-injected embryos (N and O). The cement gland
ever, the expression of the isthmus marker En-2 remains unaffected in both the control
e most anterior region is shorter in MβCD-injected than in control embryos, evidencing
injected embryos, but the rhombomere 3/5 marker Krox-20 was not affected in control
and then injected into the blastocoels. Whole mount in situ hybridization shows Otx-2
expression in MβCD+cho-injected embryos (X). Scale bar: 100 μm (D–G) and 250 μm
355A.H. Reis et al. / Developmental Biology 365 (2012) 350–362(Fig. 2A). At the gastrula stage (around 2 h later), the CRMMs were
isolated by sucrose gradient and the cholesterol content determined
(Fig. 2A). As expected, the highest cholesterol concentration wasdetected as a peak in the low-density fractions of the gradient from
control embryos (Fig. 2A, arrow). Conversely, the cholesterol peak
was decreased in the same fraction from MβCD-injected embryos in
356 A.H. Reis et al. / Developmental Biology 365 (2012) 350–362all MβCD concentrations (not shown; see Fig. 2A for the concentra-
tion of 40 mM).
As a consequence of cholesterol depletion, the staining for GM1 gan-
glioside, detected by binding of FITC-conjugated cholera toxin, was dra-
matically reduced at the gastrula stage (not shown). We next pooled
the CRMM fraction of the control and MβCD-injected embryos and an-
alyzed this pool by negative-staining electron microscopy. The CRMM
fraction obtained from the control embryos displayed a multilamellar
vesicular structure (73%, n=15; Fig. 2B), while that of the MβCD-
injected embryos displayed a non-organized vesicular structure (85%,
n=14; Fig. 2C). Immunoelectron microscopy for caveolin1 in CRMM
fraction showed a signiﬁcant reduction in MβCD-injected embryos
compared to the control condition (Figs. 2D–F), which is consistent
with CRMM disruption. These results showed that MβCD treatment
efﬁciently depleted cholesterol from CRMMs, causing disruptions in
composition and morphology.
MβCD disorganizes CRMM through cholesterol depletion without
changing major cell architecture
Since MβCD-injection disrupted CRMMmorphology and therefore
might have affected the lipid bilayer, the question arose whether the
overall ultrastructure of the embryonic cells is affected by cholesterol
depletion. For this purpose, ultra-thin sections from the equatorial
dorsal side of control and MβCD-injected embryos at the gastrula
stagewere analyzed by transmission electronmicroscopy. A represen-
tative picture of two cells from a control embryo shows typical organ-
elles such as euchromatic nucleus, numerous yolk platelets, lipid
droplets and mitochondria (Figs. 3A and C). The mitochondria ex-
hibited well-deﬁned cristae, indicating adequate cell preservation
(Fig. 3C). Moreover, cells adhered to their neighbors, exhibiting
plasma membrane contacts, resembling tight junctions (Figs. 3A and
D, arrowheads and arrows). Overall ultrastructure and organelle dis-
tribution in cells from MβCD-injected embryos were similar to the
cells of control embryos (Fig. 3B). No signs of necrosis or apoptosis
were found in cells fromMβCD-injected embryos (Fig. 3B, n=15).Mi-
tochondria, plasma membranes and Golgi apparatus showed their
typical structures (Figs. 3 E–G). We chose to investigate the dimen-
sions of the most abundant organelles in the cells studied; hence we
analyzed the yolk platelet, the lipid droplets and the mitochondria di-
mensions.We found that the area of the lipid droplets signiﬁcantly de-
creased in cholesterol-depleted embryos, while the yolk platelet and
mitochondria remained unaltered (Fig. 3H, n=10). It has been pro-
posed that lipid bodies accumulate neutral lipids (Wan et al., 2007).
Therefore, we took fraction 1 of the sucrose gradient (Fig. 2A), which
is enriched in lipid droplets (Fujimoto et al., 2004), from control and
MβCD-injected embryos, and analyzed the composition of neutral
lipids by TLC (Fig. 3I). In the lipid droplets from MβCD-injected em-
bryos, CE, TAG and CHO were notably reduced (Fig. 3I). These data in-
dicate that MβCD treatment affects the size of lipid droplets through
reduction of the quantity of neutral lipids. However, the overall cell
architecture remained unaltered.
Cholesterol depletion affects Xenopus and chick head development
Considering that blastocoel MβCD injection was very speciﬁc for
CRMM disruption, we asked whether there are phenotypic conse-
quences in later stages of development. To address this question, we
ﬁrst performed a phenotypic dose–response analysis by injecting
2 mM, 20 mM, 40 mM and 100 mM of MβCD into the blastocoel of
stage 9 embryos and cultured them up to the neurula and late tail-
bud stages. Examination of the overall anatomy and histology of the
XenopusMβCD-injected embryos at stage 40 revealed loss of anterior
structures, reminiscent of microcephaly (Figs. 4A–B″). We scored the
percentage of embryos displaying anterior defects, and found that
MβCD concentrations below 40 mM were less effective. MβCDinjections at 2 mM and 20 mM caused anterior embryonic defects in
16% and 34% of the embryos, respectively, while 100 mM resulted in
high mortality within a few minutes after injection (Fig. 4C). MβCD
at 40 mM led to the highest percentage of embryos displaying anteri-
or defects (80–95%) with relatively low mortality (Figs. 4B–C). Tunel
analysis of control and 40 mMMβCD-injected embryos did not reveal
a signiﬁcant increase of cell death in MβCD-injected compared to
control embryos (not shown). Therefore, 40 mM of MβCD was
considered suitable for the experiments in this study.
To better characterize the MβCD anterior phenotype, we analyzed
embryos by scanning electron microscopy and performed in situ hy-
bridization for anterior markers (Fig. 4). In comparison with the con-
trol (Fig. 4D), MβCD-injected embryos displayed a lack of forebrain,
diminished cement gland, absence of oral cavity, and missing optic
vesicles (Figs. 4E–G). A similar phenotype was observed when chick
embryos were incubated in ovo with 75 mM MβCD (Figs. 4H–K). In
more severe phenotypes, MβCD-incubated chick embryos displayed
loss of the frontonasal processes, forebrain reduction, and complete
loss of head structures. Curiously, the branchial arches were devel-
oped in all phenotypes observed (Figs. 4I–K), consistent with obser-
vations by Cooper et al. (2003). We classiﬁed the anterior defect
phenotypes as: a) mild, when embryos develop a small cement
gland, eyes and oral cavity; b) intermediate, when embryos develop
a small cement gland and oral cavity, without eyes and microce-
phalic; c) severe, when embryos develop without a cement gland,
oral cavity, eyes and forebrain. Quantiﬁcation analysis of the control
and MβCD-treated chick and Xenopus embryos showed an overall
dominance of the severe phenotype (Fig. S3). In situ hybridization of
neurula-stage Xenopus embryos showed that the cholesterol deple-
tion reduced the mRNA expression domain of the anterior markers
Otx2 (67%, n=29 Figs. 4L–M), Xag1 and Six3 (Figs. 4P–Q and T–U),
while the HoxB9 expression domain, a spinal-cord marker, was not af-
fected (86%, n=33, Figs. 4L–M). The pan-neural marker Sox2 had the
expression domain reduced anteriorly (65% n=31, Figs. 4N–O).
Interestingly, the isthmus marker En-2 and the rhombomeres 3 and
5 marker Krox-20 were not affected, suggesting an MβCD effect in
the anterior-most region of the Xenopus embryo (Figs. 4R–U).
To test whether the MβCD phenotype in Xenopus embryos was
due to an effect on cholesterol, we saturated MβCD with exogenous
cholesterol (Racchi et al., 1997; Tortelote et al., 2004) prior to embryo
injection, and analyzed the mRNA expression domain of Otx2 at the
early tail bud stage (Figs. 4V–X). The Otx2 expression domain was
reduced in 90% (n=36) of MβCD-injected embryos (Fig. 4W).
However, embryos injected with MβCD saturated with cholesterol
displayed Otx2 expression similar to control embryos (control 100%,
n=40, MβCD+chol 93%, n=45, Figs. 4V and X).
These results show that cholesterol depletion by MβCD affects the
forehead development with little effect on the posterior region, and
without noticeable alterations in the chick limb buds (not shown).
Cholesterol depletion has no effect on Spemann's organizer
The onset of blastopore formation is marked by the appearance of
the bottle cells at the dorsal lip, and is the ﬁrst sign of gastrulation
(Kurth and Hausen, 2000). We analyzed the formation of bottle
cells after cholesterol depletion, by scanning electron microscopy,
and they appeared to be morphologically preserved and distinguish-
able from other cells (Figs. 5 A–C), suggesting that the organizer for-
mation was not affected by cholesterol deletion. The organizer tissue
consists of the dorsal marginal zone of embryos at the beginning of
the gastrula stage. In Xenopus embryos, the organizer tissue is a
small group of cells that corresponds to the blastopore dorsal lip,
which releases inductive signals that are essential for the early estab-
lishment of the vertebrate body plan (De Robertis et al., 2001; Harland
and Gerhart, 1997; Niehrs, 2004). We used these characteristics of the
Spemann's organizer (SO) to evaluate whether this center could be
Fig. 5. Cholesterol depletion has no effect on the Spemann's organizer. Scanning electron microscopy shows the blastocoel roof and migrating post-mesodermal cells of the dorsal
side. Bottle cells (Bc, light green) appear to be morphologically preserved in MCD-injected embryos (B–C) and control (A) embryos. In situ hybridization of chordin, goosecoid (Gsc),
LIM1 and Otx2 in early gastrula Xenopus embryos (D–K). In both control (D–G) and MβCD-injected (H–K) embryos, the expression domains of these genes were not altered.
Spemann's graft experiment where dorsal lips of uninjected and MβCD-injected gastrula embryos were grafted on the ventral side of uninjected gastrula embryos and developed
until stage 35 (L). A control embryo develops normally (M). When the dorsal lip from a donor control embryo is grafted on the ventral side of a control embryo, a secondary axis
containing the head is detected (N, arrow). MβCD-injected embryo showing loss of head structures (O). An MβCD-injected dorsal lip grafted on the ventral side of a control embryo
is capable of inducing a secondary axis containing a head (P, arrow).
357A.H. Reis et al. / Developmental Biology 365 (2012) 350–362affected by cholesterol depletion, leading to anteroposterior pattern-
ing disruption. In situ hybridization at the gastrula stage revealed no
change in the SO markers chordin, goosecoid (Gsc), LIM1 and Otx2
upon cholesterol depletion (Figs. 5D–K). Then, we recapitulated the
Spemann/Mangold's organizer grafting experiment (Spemann and
Mangold, 1924), as seen in the diagram of Fig. 5L. Grafted dorsal lips
from the control as well as MβCD-injected embryos in the ventral
marginal zone of uninjected embryos were able to induce a secondaryaxis containing head structures (Figs. 5M–P, arrow). Thus, cholesterol
depletion by MβCD was not able to affect the morphogenetic and
inductive properties of SO.
The prechordal plate is defectively formed in MβCD-injected embryos
In amphibians, the prechordal plate (PcP) is a mesendodermal
head organizer structure, whose precursor cells appear in the SO
358 A.H. Reis et al. / Developmental Biology 365 (2012) 350–362and further migrate toward a position underlying the anlage of the
forebrain (Adelmann, 1932; Niehrs, 1999). PcP experimental disrup-
tion has been associated with forebrain defects (Camus et al., 2000).
Therefore, we decided to investigate whether CRMM disorganization
by MβCD affects PcP. In situ hybridization revealed a reduced anterior
expression domain of the PcP markers, sonic hedgehog (Shh) and Gsc,
in the MβCD-injected Xenopus and chick embryos (Figs. 6A–H).
MβCD-treated chick embryos at the HH3 stage (n=67) showed a
delay in their development and reduction or loss of Gsc and Shh
expression in the PcP (Figs. 6A–D). In Xenopus a similar effect on
Gsc and Shhwas observed in the anterior embryo region (Figs. 6E–H).
It has been shown that cells of the PcP are characterized by a spe-
ciﬁc morphology with small apical surfaces (Lee and Anderson, 2008;
Sulik et al., 1994). Therefore, we assessed this morphology by scan-
ning electron microscopy at the neural plate stage. In control embry-
os, the midline cells aligned in a narrow stripe, and anteriorly, the
cells formed a round cluster, as a rosette-like arrangement of cellFig. 6. The prechordal plate is defectively formed in MβCD-injected embryos. Chick embr
reduction of these PcP markers in MβCD-treated embryos. In Xenopus embryos, the anteri
the outer side of the neural plate of Xenopus embryos show polarized cells and a rosette-lik
(J). Schematic drawing highlights the morphology of the anterior midline cells from contr
photomicrographs I and J. Scale bar: 50 μm.apices characteristic of the prechordal plate (Figs. 6I and K). In con-
trast, the MβCD-injected embryos showed an abnormal morphology,
with non-oriented anterior midline cells and lack the rosette-like
organization (Figs. 6J and L). Together, these results indicate that
upon CRMM disruption by MβCD-induced cholesterol depletion at
the blastula stage, a normal prechordal plate fails to assemble,
which may consequently lead to forehead defects.
Head anlage from MβCD-injected embryos recapitulates microcephaly
and is partially rescued by Dkk1
Dkk1 is a secreted WNT inhibitor expressed by the involuting
endomesodermal cells and the prechordal plate during Xenopus gas-
trulation (Glinka et al., 1998). Dkk1 is required for anteroposterior
and dorsoventral patterning of the neural plate, and its inhibition
leads to microcephalic embryos (Glinka et al., 1998, Kazanskaya
et al., 2000). Head anlagen (HA) dissected from stage 12.5 embryosyo in situ hybridization for the PcP markers Shh (A and B) and Gsc (C and D) shows
or expression of Shh and Gsc is also reduced (E–H). Scanning Electron micrographs of
e arrangement in the control (I), while this morphology is lost by cholesterol depletion
ol (K) and MβCD-injected embryos (L). Schematic drawing was artiﬁcially colored in
Fig. 7. Head anlage from MβCD-injected embryos is partially rescued by Dkk1. Schematic drawing showing animal caps (AC) of Dkk1 RNA injected embryos or control AC (A) were
grafted to HA of control or MβCD-injected embryos (B). The explants were cultured until stage 42 (C). HA control with AC control generated normal heads (D). Dkk1 AC with control
HA generated an anteriorized head (E). AC control with MβCD-HA generated a posteriorized head (F). Dkk1 AC with MβCD-HA generated head containing small symmetrical eyes
(arrow) and cement gland (arrowhead, G).
359A.H. Reis et al. / Developmental Biology 365 (2012) 350–362develop awell-patterned head containing symmetrical eyes, brain, ce-
ment gland and oral cavity (Kazanskaya et al., 2000). As theMβCD an-
terior defect phenotype resembles posteriorizing effects of zygotic
Wnt and generates a defective prechordal plate, this raises the ques-
tion ofwhether a source ofDkk1 could rescue themicrocephaly caused
by MβCD injection. To test this hypothesis, we performed the HA ex-
periment carried out by Kazanskaya et al. (2000). The animal caps
(AC) of Dkk1 RNA-injected embryos or control AC were grafted to
head anlagen of control or MβCD-injected embryos (Figs. 7A and B).
The explants were cultured until stage 42 (Fig. 7C). The combination
of HA control with AC control generated normal heads containing
symmetrical eyes, oral cavity and cement gland (Fig. 7D). Dkk1 AC
combined with control HA generated an anteriorized head, eyes and
cement gland (Fig. 7E). AC control combined with MβCD-HA generat-
ed a posteriorized head, without eyes or oral cavity and a tiny cement
gland (Fig. 7F). Strikingly, combination of Dkk1 AC with MβCD-HA
generated heads containing small symmetrical eyes and cement
gland (Fig. 7G). Quantiﬁcation of these experiments showed that
Dkk1-expressing AC rescued 46% of the MβCD-HA (Supplemental
Table 1). These results indicate that Dkk1-secreting animal cells can
partially rescue anterior structures in heads cultured from MβCD-
injected HA.
Discussion
This study provided evidence that CRMMs are present in the early
stages of Xenopus embryo development, and show a speciﬁc and dy-
namic lipid composition. Disruption of the composition and ultra-
structure of CRMMs at the blastula stage by MβCD-induced
cholesterol depletion did not affect overall embryonic cell architec-
ture in the gastrula. Nor did CRMM disruption in Xenopus blastula/
gastrula embryos impair the gene expression in the SO, or its induc-
tive capacity. However, MβCD treatment down-regulated Shh and
Gsc expression and altered cell morphology in the PcP (the forebrain
organizer) of frog and chick embryos, leading to severe head defects.
In addition, Dkk1 secreted by animal cap cells attenuated these severe
head phenotypes in MCD-injected head anlagen explants. Together,
these results show that CRMM integrity is crucial for proper head
development.
Embryonic lipid composition and metabolism have been pre-
viously addressed in X. laevis. The previous studies indicated thatphosphatidyl choline (PC) and sphingomyelin (SM) are the major
phospholipids during Xenopus development, and also reported a re-
duction in PC and an increase in phosphatidylserine (PS) after the
hatching stages (stage 30, tadpole) (Mes-Hartree and Armstrong,
1976; Rizzo et al., 1994). Curiously, these studies did not observe de
novo lipid synthesis before the tadpole stages, suggesting that the ma-
ternal pool of lipids remains available for cellular processes from early
to late stages and could be diverted to produce CRMMs. In general,
CRMM analyses are performed using detergents such as Triton
X-100, because the CRMMs are characteristically insoluble in deter-
gents. They are DRMs because of the particular lipid composition
(Luria et al., 2002). However, the use of detergents to assess the
CRMMS may cause the assembly of preexisting microdomains; more-
over, it has been shown that the detergent itself plays a role in deter-
mining the physiochemical characteristics of the DRMs, isolating
different subsets of microdomains depending on the detergent
employed (Radeva and Sharom, 2004). On the other hand, it was
shown that for the sample of X. laevis eggs, the fraction obtained
from detergent-free membrane extraction is similar to these DRMs
in phase behavior and lipid, protein and ganglioside contents (Luria
et al., 2002).
Our analysis contributed new insights because it focused on neu-
tral lipids and phospholipids from the 4-cell to gastrula stages of the
sucrose gradient-isolated CRMM, rather than on total membrane
extracts. These periods are marked by intense cell interaction and sig-
naling that deﬁne the embryonic axis and pattern primordial tissues.
In our analysis, PE, PC and PS were the major CRMM phospholipids,
and the neutral lipids TAG and CHO decreased in the CRMMs during
the blastula and gastrula stages. We noticed changes in the lipid con-
tent depending on the embryonic stage, thus suggesting a dynamic
composition of the CRMM compartment. These changes may corre-
spond to initial alterations in the plasmamembrane properties, main-
ly the ﬂuidity, which is directly related to important events for the
developmental process, such as intense transport across the mem-
brane and activation/regulation of a myriad of cellular signaling
pathways that starts in the membrane moiety.
The study of CRMM in the whole organism has been marked by a
lack of reﬁned approaches and direct examination of these structures
in vivo. Among the factors that hamper the understanding of CRMM
functional mechanisms during embryonic development are: 1) the
existence of diverse membrane domains such as the caveolae and
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CRMM participation in cell trafﬁcking and signal transduction, mak-
ing them very dynamic; 3) and the dependence of CRMM functioning
on the cell type and likely on the developmental stage. Pharmacolog-
ical agents that disrupt CRMMs have been employed in a range of
circumstances, and their use in embryos can result in non-speciﬁc de-
fects or lethality. However, some pharmacological interventions have
successfully mimicked the sterol-biosynthesis genetic defects. Indeed,
Cooper et al. (2003) demonstrated that MβCD treatment effects are
very similar to those mutants for sterol biosynthesis, which led to a
defective response to the Shh signal.
Caveolin loss-of-function in vivo studies have shed some light on
the role of caveolae. Caveolin 1, 2 and 3-null mice are viable, and
show mild defects in the lungs, blood vessels, and muscle cells
(Drab et al., 2001; Galbiati et al., 2001; Razani et al., 2001; Razani
et al., 2002). Therefore, studies of these mutants led to signiﬁcant ad-
vances in the understanding of the relationship between caveolae for-
mation and caveolin expression, but were not clear enough to support
an embryonic role for caveolae. These observations imply that the dy-
namics of non-caveolae CRMM, caveolae, and cell-membrane during
development may be more complex than is presently understood.
The use of Caveolin-1morpholino, which blocks mRNA translation,
in Xenopus and zebraﬁsh indicated the essential nature of caveolar
domains in the notochord tissue, which might be the structure con-
taining the highest caveolae density (Fang et al., 2006; Nixon et al.,
2007). The recent report by Mo et al. (2010) implicated maternal
caveolin1 in the dorsal accumulation of β-catenin in zebraﬁsh embry-
os (Mo et al., 2010). They showed an increased expression domain of
Bozozok, a direct target of the maternal β-catenin signal (Leung et al.,
2003; Ryu et al., 2001) and the organizer genes chordin and goosecoid
upon Caveolin1α and 1β silencing (Mo et al., 2010).
Our phenotypic results with MβCD-induced cholesterol depletion
furthered the understanding of CRMMs, and are somewhat consistent
with the results obtained with Caveolin1 isoform morphants. We
achieved CRMM disruption by injecting MβCD into the blastocoel at
stage 9, just after the beginning of the midblastula transition (MBT)
when SO cells were already committed. Our results cannot rule out
the possibility of an action of MβCD in a speciﬁc developmental win-
dow. In fact, MβCD-injection in stage 7 (early blastula) induced a low
percentage of anterior defects, while injection in stage 10.5 (late gas-
trula) induced several other defects, including shortening of the trunk
and endodermal yolk-mass malformation (not shown). In zebraﬁsh
and Xenopus embryos, the dorsal accumulation and nuclear location
of β-catenin contribute to the future dorsalizing center (Larabell et
al., 1997; Schneider et al., 1996). Maternal manipulation of the Wnt/
β-catenin pathway leads to dorso-ventral phenotypes. The zygotic
wave of Wnt/β-catenin signaling is inhibited by Wnt-antagonists
expressed in the organizer and in the PcP for the proper formation
of the anterior–posterior axis. The ﬁndings by Mo and coworkers
showed an overall dorsalization phenotype upon maternal Caveolin1
silencing. Here, we observed a loss of anterior structures upon zygotic
disruption of CRMM. Therefore, one possible explanation for our op-
posite phenotype would be an effect on zygotic Wnt/β-catenin upon
depletion of MβCD-induced cholesterol, leading to severe head
defects.
The combination of the ﬁndings of Mo et al. (2010)) with our own
results suggests two new interpretations. First, SO establishment may
rely on proper lipid raft organization prior to MBT. And second, SO in-
ductive capacity at the early gastrula stage may not rely on CRMM, al-
though the organization and function of PcP cells from the
midgastrula to neurula stages rely on proper CRMM integrity.
The prechordal plate has been described as the region located at
the rostral end of the notochord, that expresses prechordal plate
markers such as Gsc, Shh and Lim-1 (Chapman et al., 2002, 2003;
Garcia-Martinez et al., 1997; Kazanskaya et al., 2000; Kiecker and
Niehrs, 2001; Latinkic and Smith, 1999). In Xenopus, Gsc-expressingcells involute at the early to midgastrula stage to form the prechordal
plate and anterior endoderm, and the prechordal plate acts as a
source for head-organizing activity (Cho et al., 1991; De Robertis
and Kuroda, 2004; Gerhart, 2001; Kiecker and Niehrs, 2001). Similar-
ly, in chick embryos the PcP cells are derived from Hensen's node.
Therefore, the organization of PcP cells is temporally and spatially
synchronized according to previous patterning. Our results indicate
that CRMM disruption affects the expression domains of the PcP
markers Gsc and Shh at the early neurula stage, in both Xenopus and
chick. Since Gsc expression was not affected by cholesterol depletion
at the early gastrula, we conjecture that CRMMmay not be implicated
in the ﬁrst involution steps of PcP cells. However, as the neural plate
extends, it seems that CRMM is essential for the organization and ter-
ritorial restriction of PcP cells.
It has been reported that ﬁbroblasts from mutants where choles-
terol biosynthesis was disrupted, are not able to respond to Shh sig-
naling, showing that CRMMs might be important for signal response
(Cooper et al., 2003). SO cells derived from MβCD-treated Xenopus
embryos were able to induce a secondary axis into a normal embryo,
where endogenous levels of cholesterol were not altered. Grafted SO
cells induced the ventral cells to adopt a dorsal fate, and the ventral
cells were able to respond, likely because they were not cholesterol-
depleted. These observations suggest that CRMMs are important for
signal response, but at least in the case of SO cells, CRMMs may not
be involved in the induction of competent cells.
Our ﬁndings suggest that disorganization of lipid rafts may be
involved in certain human holoprosencephaly syndromes, such as
Smith–Lemli–Opitz syndrome (SLOS). This is the most common
human disorder involving cholesterol biosynthesis, and results from
mutations in 7-dehydrocholesterol reductase (DHCR7). Inhibiting
DHCR7 enzymatic activity and consequently, cholesterol biosynthesis
leads to a range of malformations such as midline defects (Cooper
et al., 2003). In Xenopus, both gain and loss of function of DHCR7 cause
anterior neural plate defects, particularly in the eye ﬁeld and resulting
in eye defects, indicating that cholesterol biosynthesis during develop-
ment requires strict control (Tadjuidje and Hollemann, 2006).
MβCD-injected embryos display reduced eyes or lack eyes entirely,
most likely because of loss of neural tissue from where these struc-
tures derive. Although a small percentage of embryos develop cyclopic
eye, the observed phenotype is predominantly loss of anterior territo-
ry. Curiously, MβCD-cholesterol depletion affects the anterior most
region of the embryo as seen by reduction of the anterior markers in-
cluding Otx2 (Figs. 4L–J). This is consistent with the phenotype of the
Otx2−/− mutant mice which lacks head structures only (Acampora
et al., 1995). One may speculate that reduction of Otx2 upon MβCD-
cholesterol depletion could be caused by disturbance of Dkk1 function
in the anterior neuroectodermwhich could lead to invasion of poster-
iorizing factors such as Wnt ligands. This might explain why we could
rescue the head structures in MβCD-induced posteriorized HA by
Dkk1 expression animal cap cells. In addition, the impairment of PcP
as a consequence of CRMM disruption is likely to affect signaling mol-
ecules that protect the anterior anlage fromposteriorizing factors such
as Wnt, FGF and retinoic acid. In fact, MβCD-injected embryos resem-
ble Wnt3a cDNA overexpression, which results in headless embryos
(Roelink and Nusse, 1991), suggesting that the cholesterol depletion
either favored Wnt activity or impaired its antagonists anteriorly. In-
deed, MβCD-HA recapitulates MβCD-injected whole embryos, gener-
ating a small head without eyes, oral cavity and cement gland.
Combination of MβCD-HA with animal cap cells expressing Dkk1
was able to rescue a reminiscent of symmetrical eyes and cement
gland (Fig. 7). As Dkk1 did not fully rescue the MβCD phenotype, we
conjecture that other factors andmechanismsmight rely on themem-
brane cholesterol domains. Therefore, further investigation should be
taken to clarify these mechanisms.
In summary, this study furthered the understanding of CRMM or-
ganization and functions in the vertebrate embryo, and provided
361A.H. Reis et al. / Developmental Biology 365 (2012) 350–362evidence that Dkk1 can partially rescue anterior structures in
cholesterol-depleted head anlagen.
Supplementary materials related to this article can be found
online at doi:10.1016/j.ydbio.2012.03.003.
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